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Rotational analysis of the ultraviolet band system of CS 
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With 3 figures in the text 


ABSTRACT 


A rotational analysis of 24 bands of the ultraviolet system of CS has been made. The system 
arises from a transition A‘IJ—X1X+. A number of perturbations are observed in the upper state 
arising from interactions with a *X+ and a °X~ state. At least two singlet perturbing states have 
also been recognized. The following constants have been derived: 


State JS OW, WO, &, B, Oe 
e3>- <39155 => 750 5 = 0.610 0.006 
a’ 3>\+ <38858 > 760 7 > 0.585 0.008 
A] 30798 1081.2 Ui yail 0.7799; 0.00627 
Xt 0 1285.08 6.46 0.82005 0.005922? 


# — 0.0004, (v +4)?. 
>’ From the microwave observations of Mockler and Bird (1955). 


The dissociation energy, Dag (CS), is 175 +7 keal/mole. 


1. Introduction 


The spectrum of CS, so far as it is known at the present time, is in remarkable 
contrast to that of CO. Whereas in the latter molecule more than 20 electronic 
states have been characterized, observations on the spectrum of CS are limited to 
the single system in the ultraviolet region (Ao = 2575 A.), A-X1E+. A rotational 
analysis of two bands of this system was given some years ago by Crawford and 
Shurcliff (1934), who showed that it arose from a transition A'I]—X1X*+. The upper 
state was found to be heavily perturbed. In a later discussion of the properties of 
the molecules of this group, Howell (1947) suggested that this rotational analysis was 
incomplete, and that the upper state was perhaps *II. Through the kindness of 
Professor Crawford in sending us some of the original plates, it was possible to extend 
somewhat the rotational analysis (Bowen 1946, Laird 1952) and to show unambigu- 
ously, especially by the analysis of bands with v’ =5 which are perturbed only at 
J = 30, that the upper state is 11]. That the transition is allowed follows also from 
the observations of the spectrum in absorption (see, for example, Porter 1950), 
sometimes at low concentrations. 

The determination of accurate rotational constants for the ground state of the 
molecule from observations of the microwave spectrum (Mockler and Bird 1955) 
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encouraged us to hope that a more complete rotational analysis would be possible, 
to provide information about the nature of the perturbing states. Although both 
the distribution of intensity among the bands of the system, and the forms of the 
branches, particularly of the R branches, are unfavorable for detailed analyses extend- 
ing over a range of values of v’, some of our expectations have been fulfilled, and it 
has been possible to characterize two of the perturbing states. 


Table 1. Wave numbers for the 0,0, 0,1 and 0,2 bands. 


\| |] 


0,0 | 0,1 | 0,2 
J —__——__—_} 
R(J) | Q(J) | PU) | RU) | Q() | P(J) | R(J) | Q(J) | P(J) 
5 | 37533.35 | 36265.11 
6 | 34.67 37514.74|36275.43| 64.62 
7 | 36.48 12.03] 76.36, 64.10 
8 38794.49 36.50 10.22) 77.40| — 63.57| 36251.46 
9 93.47 37-18) 37521.80] 07.85 78.21] 62.85] 49.18 
10 92.55 | 38.03]  20.91/ 05.73) + +79.01| +~—«61.94| +~—-46.78 
i 91.51 | 38.8 19.89] 03.23 79.63, 61.16) 44.45 
12 90.01 | n3o.l 18.59| 00.60, 80.43) —«60.18| 42.04 
13 88.36 | 139. 16.90, 498.00, 80.84 58.59] 39.41 
14 : | 95.10 80.43 36.79 
‘ = bes | {79.6 
eT epee AER I {Zo.25 18-60] 92.02 bbee 60.47| 33.79 
16 17.11| 87.00 | 46.37] 16.45] 88.61| 88.48| 58.59] 30.70 
17 15.60| 85.21 | 45.091 14.77 Aare 87.87| 57.12 . ae 
18 82.84 | 12.99| 89.65 55.64 32.29 
19 80.93 | 10.96] 85.07, 53.80| 27.59 
; [oP Solas ed 07.85 | 
20 | 85.57) 28751.09 tee 81.31 Fe 24.32 
21 81.17| 47.66! 11.51) 77.80! 54.76] 21.23 
22 78.20| 43.89 09.04, 74.57 52.57| 18.04 
23 75.91] 40.25 06.98] 71.23 50.85| 15.12 
24 73.72| 36.56 05.13] 67.63] 49.20| 12.06 
25 11.87 71.73] 32.92 03.21] 64.36 47.70| 08.75 
26 11.25] 69.37| 29.31) 43.13} ~—«01.33| «60.88 46.07| 05.78 
27 10.66, 67.22] 25.53) 42.66) 499.37| 57.55 44.45] 09.62 
28 09.75} 64.91] 21.76) + 42.26| 97.42] 54.0 42.82] 199.42 
29 09.07] 62.49] 17.89 47.84) 95.41 50.48 41.13] 96.19 
30 08.04, 60.22 13.67) 41.32| 93.30 46.75) 
31 07.06, 57.54 09.43) 40.63; 91.1| 43.04 oe re 
32 06.03, 54.97] 04.81) 39.88} 88.85] 39.30 s6.74l 35.721 86.25 
33 04.74) 52.16] 01.01 + 39.04) 86.57| 35.44] 86.35, 33.871  s2.95 
34 03.44) 49.28] 696.83| 38.03; 84.13) 31.53) 85.811 31.881 79.75 
35 01.98} 46.50| 92.36] 37.24, 81.71| —-27.62|-  85.33| 29.701 75.59 
36 00.45} 43.39] 87.86; 36.00 79.04) ~—-23.39| 84.55, 27.581 77.96 
37 798.82) 40.38] 83.20) 34.75] 76.43] «19.18 33.761 25.331 68.95 
38 96.97, 37.19] 78.59] 33.35 -73.67| ~—«14.91| 82.691 23.001 64.39 
39 94.58| 33.88] 73.51)  31.57| 70.70 «10.3 20. "99 
.37| 81.55] 20.61| + —«60.22 
40 91.92]  30.30| 68.48 29.24) 67.77 . 
41 26.63] 62.90 64.30 moe See isis eh 
42 22.54) 57.01 60.88| 395.28 12.05] 46.5 
43 18.03 56.88 | 08. ee 
44 12.59 51.96 ei 
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A. LAGEROVIST et al., The ultraviolet band system of CS 
2. Experimental 


The spectrum was excited by an a.c. discharge through a stream of carbon disul- 
phide vapour in a silica tube of conventional pattern. Observation was confined largely 
to the positive column. Photographs were taken in both first and second orders of 
a 21 ft Wood grating with 165000 lines. Exposure times for the first order plates, 
which were used for the analysis, were between 14 and 3 hours. 


3. Analysis 
Structure of the bands 


The bands have the normal structure of a I] transition, but all the upper 
vibrational levels are perturbed and in consequence the analysis has in some places 
been rather difficult to perform. This is especially the case with bands having v’ = 1. 
In all, 24 bands have been analysed, namely: 0,0, 0,1, 0,2, 1,0, 1,1, 1 2, 1,3, 2,0, 2,1, 
2,2, 2,3, 2,4, 3,2, 3,3, 3,4, 3,5, 4,2, 4,3, 4,5, 4,6, 5,3, 5,4, 5,6 and 5,7. The wave numbers 
for all band lines, except those for 2,0, which is the weakest band on our plates, are 
given in Tables 1-6. Each band was measured at least twice. The relative accuracy 
of the measurements of lines free from overlapping is about +0.05 em-!. In some 
places we found small displacements, not, however, large enough to affect the 
analysis, in the absolute wave numbers arising from the use of weak comparison 
lines. Fig. 1 gives reproductions of some of the bands. 


Determination of rotational constants 


For the ground state, X1X+, we have used the rotational constants derived by 
Mockler and Bird, thus: 


By = 0.82005-0.00592 (v’” + 4) em 
D” = 1.34 x 10-6 em (taken from Kratzer’s relation). 


The rotational constants for the 1II state were determined in the following way. 
From the B’’—B’ curves (see § 4 and fig. 2) B’’—B’ was determined at J values where 
the perturbations are least. The small correction for centrifugal stretching (2A D.J2), 
was added. D’, from Kratzer’s relation, is 1.62 x 10-6 em-!. The values of B’ follow 
the equation 


Be = 0.7799;—0.00625 (v + 4) — 0.0004, (v + 4)2. 


Table 7 gives the observed and calculated B’ values. The discrepancy for v’ =] 
arises from the influence of strong perturbations. 


Determination of vibrational constants 


The constants for the upper level were derived as follows. For two @ lines with 
the same value of J from bands with different v’ (v4 and vs) but with the same value 
of v’’, we have 


We (V1 — V1) — Weare (v1? + vj — 052 — v4) = Q(J)v,— Q(J)v, + (Bo, + By’) J (J +1). 
For the unperturbed parts of the upper levels these equations were formed for all 
1 v2 combinations. w, and w.x, were then calculated by the method of least squares. 


The constants derived are: 


400 
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Table 7. Rotational constants for the 1II state. 


Va / 
) Bops Beaic 
0 0.7767 0.7767 
1 0.7683 0.7696 
2 0.7619 0.7617 
3 0.7528 0.7529 
4 0.7430 0.7433 
5 0.7333 0.7330 


D’ = 1.62 x 10-® em-1. 


@. = 1081.20, wet, = 11.1. 


For the lower state similar equations were formed for @ lines from bands with dif- 
uw ur , . ’ 
ferent lower v’’ numbers (v; and vo) but with the same upper level v’. As for the 
. . ay Lad . . 
upper level the equations were set up for all available v; v2 combinations and the 
. . / Ud . 
determination of wm, and w, x, was made in the same way. The accuracy of the con- 
stants here is very good, as the lower state is unperturbed. The constants are: 


Mt Mt 


We = 1285.08, We L, =6.46. 


ve has been determined from these vibrational constants and from 7, values calcu- 
lated from 


emia, —@bryh( dik) a (Do =D") JAS a 1) 
The result is Ye = 38898 cm—!. 


The origins are given in Table 8. 


4. Perturbations 


Detection of the perturbations 


The upper vibrational levels are all strongly perturbed. In order to follow the 
course of the perturbations the following expressions were used (see for example 
Lagerqvist, Nilheden and Barrow, 1952): 


Table 8. Origins of analyzed bands in em™'. 


6 40083.1, | 38849.9, 36421.9, | 35226.6, 
4 40365.6 | 39119.7 36665.5 | 35458.1 

4 39376.0, | 38129.7, | 36896.1, | 35675.8, 

2 | 40887.2, | 39615.5, | 38356.3, | 37109.6, | 35876.2, 

1 | 39860.4 | 38588.7 | 37329.3 | 36082.8 

0 | 38797.8 | 37525.6, | 36266.2, 

pgs 

Via 0 I 2 3 4 5 6 7 
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Fig. 2. AQ/2J and ARP/4J for the upper levels plotted against J. 1I1 + perturbations indicated 
with a’, 'I]1?- perturbations with e. 
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Table 9. Summary of perturbations. 


See Ja’ s>+ J 

» = ad fa v fee Al 

RP Q RP QO RP s'O RP Q % sSiaulees euicy 
0 taco LT 20.6 a’ 0.585 38858 
() = ely == € 39155 
I = == OE 
l 28 28 
] 39.5 39.5 0.60 40097 
l 43.7 46.8 49.5 a’ +2 0.572 40312 
1 55 
1 = 65 a e+2 40575 
2 21 ~23 ~27 a+3 0.571 41003 
2 33.5 33.5 
2 ~45 45 
2 — Ms === e +3 41341 
2 ~ 59 -— — a +4 
3 26 29.5 33 e+5 0.586 42056 
3 ~24 ~24 
3 STeOmR OED 
3 45.7 47 50.7 a’ +5 0.542 42396 
3 ~56 ~56 
4 ~23 ~25 28.5 a +6 0.540 43037 
4 |~52 55 os e+6 0.571 43424 
4 60 — w~65.5 ae 0.545 43740 
5 33.5 36.7 — e+7 0.5680 44096 
5 Ae 52 a+8 0.55 44368 


Q(J—1)-Q(J)_AQ vt VAs a _ ” fy 
a Ge ee 2 (De D') 


ao) Ri I~ - 1 R 


The left-hand sides of these expressions were plotted against J. As the terms in 
D''—D’ are small the points lie on an almost horizontal line for unperturbed regions. 
At a perturbation the points deviate from these line. AQ/2J and A RP/4J diagrams 

for all upper levels are given in Fig. 2. For every v’ level the points are the means of 
AQ/2J and ARP/4J respectively for all bands having the same v’. 


Nature of the perturbing states 


The diagrams in fig. 2 show that at some perturbations the intersection culminates 
at the same J value in the Q branch and in the R and P branches. At other perturba- 
tions, however, this is not the case. The former type of perturbation corresponds to 
interactions between the !II state and singlets (II or 1A) or between the IT state and 
triplets (II or 3A). The latter type corresponds to 'I1*% interactions. 

A summary of all perturbations found is given in Table 9. Fig. 3 gives an energy 
scheme of the upper vibrational levels plotted against J(J + 1). Thick continuous 
lines indicate regions analyzed for @ as well as R and P lines, thick broken lines indicate 
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Fig. 3. Perturbations in the A1I state of CS; term values plotted against J(J + 1). Thick lines: 

regions analyzed for Q and RP lines; thick broken lines: regions analyzed for Q lines only; thin 

broken line: region analyzed for RP lines. Circles indicate perturbations in the Q branches, 

squares perturbations in the RP branches. Dotted squares or circles indicate interactions 
not analyzed. 


regions for @ lines only and thin broken lines regions analyzed for R and P lines only. 
Perturbations found in Q lines are marked with circles, perturbations found in R 
and P lines with suqares. 

A 'II%X* interaction gives rise to three perturbations: one perturbation in the R 
and P branches at a certain J value and two in the Q branch, situated one at a higher 
and one at a lower J value than that for the R and P branches. A 1I1?- interaction 
is of opposite form. 

Among the perturbing states one 2+ and one °=- state are found. They are here 
called a’ and e to conform with the states of CO. It has, however, not been possible 
to decide the nature of the other perturbing states. They are presumably 14IT, 1A or 
3IT states. 
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Determination of constants for the perturbing states 


Hight I1°X*+ interactions have been found. Owing to the lower intensity of the 
R and P branches and to the accumulation of R lines in the R head it was easier to 
follow the Q branches and to analyze them to higher rotational quantum numbers 
than the R and P branches. Thus for three I]?%* interactions the analysis was 
carried out only for the Q branches. Fig. 2 shows that the perturbation at J ~ 23 in 
v’ =4 must arise from interactions between 'I] and two perturbing states. One of 
these is °X+. That there must be two perturbing states here is apparent from the slopes 
of the two lines near the crossing point. The slope of the left-hand line is only about 
half that of the right-hand line (see Hultin and Lagerqvist 1951). Thus, near the 
intersection point there must be three curves. The spectrum is, however, so compli- 
cated in this region that it was impossible to find the corresponding lines with certainty. 
The rotational constants B, of the perturbing states were determined in two ways. 
At two perturbations a sufficient number of extra lines were found to use the method 
given by Kovacs, 1952. The culminations of all 1I1*2* perturbations are found in the 
Q branches. Calling the corresponding J values J, and J,(J, <J 3), an approximate 
B:y+ value can be obtained from the following expression (Lagerqvist and Uhler 
1952) 

A AUP 88 OB al) 


B+ = B 
a 1 (Jg+1)(J3+2)—(J,-l) Jy 


The values of the energies, Cp, of the perturbing states at J =0, above J =0 in 
v' (A141) may be determined as follows. The terms of !II and #2 may be written ap- 
proximately 


FY =BryJ(J+1), 
F2,=C+ By (J +1)(J +2), 
FP =C+ByJ (J +1), 
FP, =O+ By (J—-1) J. 


Since the J values J,, J, and J, corresponding to the culmination points and the B 
values are known, the values of C may be calculated directly. 

Six MIle?X- perturbations have been observed through displacements in the @ 
branches. Only for one interaction—that in v'’ =3—could the accompanying RP 
perturbations be analyzed. For the perturbation in level v’ =5 at J~37 several 
extra lines were found, leading to an accurate determination of the corresponding 
value of B,s;-. The C value here was calculated from the relation given by Kovacs, 
1952. 

Information about the perturbations is collected in Table 8. The following constants 
were derived for the perturbing states a’*X* and e*S~. The lowest vibrational numbers 
are designated a’ and e respectively. 


a’ 8+ e383) 
Ba'+v = (0.585 — 0.008 v Bes oe 0.610 — 0.006 v 
o > 760 o > 750 
Ox ~7 ox ~5 
Vo <= 38858 Vo <39155 
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The magnitude of the perturbing matrix elements 


It can be shown that the minimum distance between two interacting terms is 2H, 
where H is the perturbing matrix element. If a sufficient number of extra lines is 
known H can be determined rather accurately. Thus for the 'I1°2~ perturbation in 
level v’ =5 at J~ 37, H =16.1; cm“. 

A simple method to get an approximate value for H is to determine the slope 7 at 
the intersection point in the B’’—B’ curve (Lagerqvist and Miescher 1958). We 
have 
iby . 
og +2) 


. 


In|= 


For the perturbation discussed here one obtains by this method H = 17 cm~ in 
good agreement with the value given above. The other perturbations analysed have 
H values which are smaller or at most of about this magnitude. 


5. Discussion 


The foregoing rotational analysis establishes beyond doubt that the transition is 
1{I1X. The bands have been observed in absorption using a variety of techniques, 
so that the lower state may be identified with X1X+, the ground state of the molecule. 
There remain for consideration two points: 


(i) The 1X-+X system of Crawford and Shurcliff 


This system is said to consist of four bands with single R and P branches: they 
form a v’ progression and lie just to shorter wavelengths of the bands of the main 
system with v’=1. The published analysis of these bands is certainly incorrect, for 
they also appear in absorption and therefore involve the ground state: however the 
value of B” derived by Crawford and Shurcliff is considerably different from the 
value of BY’ (X15+). It may be that there is in fact no new transition here, but 
that rather the lines in question arise from transitions in v’ = 1 of the main system. 
Indeed many of the lines in these regions have now been assigned to v’ = 1, and the 
remaining unassigned lines may well arise from perturbed regions in v’ = 1 which we 


have so far failed to analyze. Intensity variations from plate to plate support this 
conclusion. 


Table 10. Summary of constants for CS. 


State | Ty o, | O,X, Ney | Xe | Tah 
All 38798 1081.2, 11.1 0.7799; 0.0062,% 1.574 
(21A) <40097 ae —_ > 0.60 s < 1.80 
e8- <39155 >750 5 > 0.610 0.006 <1.78 

a’ 8+ < 38858 >760 7 > 0.585 0.008 < 1.82 
x15 0 1285.08 6.46 0.82005 0.00592? 1.5352 


7 — 0.0004, (v +4)2. 
> From Mockler and Bird (1955). 
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Table 11. Electronic states of CO and CS. 


CO Cs 
State 

Ty, ev. ojo” BiB T, eV. wo’ Jo” B’'/B”’ 
1D ae <8.23 > 0.48 >0.75 
BPR 8.03 0.504 0.656 <4,85 > 0.58 > 0.74 
d*A? 7.66 0.524 0.653 
a’ 3+ 6.86 0.567 0.697 <4,82 > 0.59 >0.71 
All 8.02 0.699 0.834 4.81 0.842 0.951 
a*TI 6.01 0.801 0.870 
Xe yr 0 1.000 1.000 0 1.000 1.000 


(ii) The head at 2572.9 A 


This is a weak head associated with the 0,0 band, only clearly recognizable in 
absorption: in emission the region is strongly overlapped by lines of the 5,4 band. 
Some at least of the lines may form part of the R branch perturbed to the violet at. 
J < 14. It should be possible to clear up this point by a study of the absorption 
spectrum with high resolving power. 

Constants for the electronic states of CS are collected in Table 10 and in Table 11 
comparison is made with the low-lying states of CO (Mulliken 1958). The electronic 
configuration for the ground state of CS may be written. 


I. KKL (zo)? (yo)? (wa) (xo)? ... Lat. 
The lowest excited configurations are expected to be 


EN (1032) a) (ae) a SEL ET 
UI. ...(wa)3(xo)2 (vm) ... +, AE-,FL+,3U- 1A, 3A. 


State All] may then reasonably be identified with the II state arising from II, 
and the states a’3X*+, e®X~ with states arising from ILI. From configurations II and 
III there remain to be observed the 2I], 12+, 1— and 3A states, of which the 3IT state 
presumably lies lowest. 

The comparison with carbon monoxide reveals close similarities between the states 
of the two molecules, but the differences between the antibonding orbital (vz) and 
the bonding orbitals (aa) and (wz) seem to be smaller in CS than in CO, so that the 
excited states of CS are all, relative to the ground state, somewhat more stable than 
in the case of CO. This behaviour seems to be confined to CS and, perhaps, CSe, for 
the states of SiO and of SiS are much more nearly like those of CO (Lagerqvist and 
Uhler 1952). 

A spectroscopic value for the dissociation energy of CS can be obtained only by 
a long and somewhat uncertain extrapolation of the vibrational levels in the ground 
state, giving Dj =181 kcal/mole. For some molecules this method gives, as is well 
known, results subject to large errors. However, for the similar molecules SiO, 
GeO and SnO, the values of Do obtained by Birge- Sponer extrapolations of the 
ground state levels are fairly close to the true values (Barrow and Rowlinson 1954). 
Thus we may conclude that the figure given above for Do (CS) is probably not far 
wrong. This corresponds to D293 = 182 kcal/mole. 
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Schafer and Wiedemeier (1958) have measured the standard heat of formation 
of gaseous carbon monosulphide by an equilibrium method: the first results indicate 
Q;~ 60 kcal/mole. If the heat of dissociation of diatomic sulphur is taken to be 83 
kcal/mole (St. Pierre and Chipman 1954, Dewing and Richardson 1958), then 
Q; (Seas) = 58.1; keal (Rossini et al. 1952), and, with Ze = 170.89 kcal (Stull and 
Sinke 1956), Deos(CS) =169 kcal/mole. If D(S,) is taken to be 101 keal, then 
Déos(CS) becomes 178 kcal/mole. It seems safe to conclude that D293 (CS) = 175 +7 
keal. This fits well with the value of 186 kcal derived for the isoelectronic molecule 
SiO (Barrow and Rowlinson 1954). 
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